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ABSTRACT

A novceldesign for a compact, light weight, imaging spectrometer has be en proposed for an
orbiting I, unat mapping mission. Simple in  de  sijts, dual arm optical syste m cmploys a
trtansmission grating and a dichroic mirtor 10 p rovide continuous two-octave spectral
1esponsc. The grati ng's fiistorder wavelc.lliglhs arc reflecte d into the SWIR arm, whil e the
sccond order wavcelengths arc. transmittedto the. VNIR arm. The instrum ent design s that of
a push broom camera. It use s onc of the detector(s) dimensions f o r  spectral sclection, the
othe r detect or(s) dimension for cross-track spatial selection, and the forward motion of the
platform (in this case, a spacccraft) for down-t rack spatial cove rage.

There are two detector allays.  One s a Silicon arca ar ray viewing the VNIR sc.co]]d-order
spectrum  in one anm of the spect romete 1, and the oth ¢ r a HgCdTe are a array viewing the
SW IR spoe ctrun nin the second spoecti orneter arm. By judiciously choosing the total spectral
bandwidth (().45 - 1.8 p m), a designusing only off-the-shelf transmissive optical  lens
asscmblics is possible.  Optimiz ing the IR detector for an operat ing temperature attainable
with a low-power (~ 6 Watts) thermocelectric cooler (T1HC) provides satisfactory system
petformance,  ldentical array geomet 1y in both detect ors yields spect rally contiguous data
that requires no re -sampling. Having few operating naiodes allows a co nuol clectronics
implementation with simple log ical elements. The complet ¢ inst rume nt (optics, detectors,
coolers, and cle ctronics) has no moving parts and occupics @ volume Of less than ().()? m3. 1t
weighs less than 11 kg.

1.0 INTRODUCTION

1.1 Mission

The Luna 1 Scout Mission w a s intended to provide information identifying and quantifying
mincrals p resent in Juna 1 SOl suchr as basalts and mafic mincrals, as well as determining
the 1elative mineral composition of lunat soil. These minerals can be remotely sensed and
discriminated within  the 03-(0).7 pmand ()./- 16 pm  bands, respectively.  ‘The
reccommendations’ for an instument to perform  these mesu rer ne nts from an o1 bit atound
the Moon were for a spectral responsc of ().3- 0.7 pm @ <10 nmresolution, ().6- 1.6 pm @ 10 nm
resolution, and 1 .6-2.4 pum @ 20 nm resolution. Therecommended sig[lal-lo-noise was greater
than 500" @ () .1 al bedo, and the recommended minimum spatial resolution was 50 0”7
[llcle.rs/pixel.

The rc.quilt.(i mission life. was tobcone year with a goal of twoyecars. There was an extrence
power rcstriction with only about 20 watts available for the instrument. The mass and Si ze
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constraints dictated that the instrument weight be low, and wc. ¢ nde avored to ke cp it below
20 kg.

1.2 Performance Requirements

The de sign of a space flight instrument is usually base.d on its performance requircients,
This often results anadesign that uses state-of-the. artorncw technology development for
components  and/or proce sses. While this can  be esthetically pleasing and provide t h e
opportunity to advance technology, the price paid intime and dolla1s is fre quently la 1ge.
In this instrument we were p resented the opportunity t 0 design an  instrument that could
perform a good job of returning so me subset of th e desited scic nee measurements while
rigorously maintaining a specific development schedule and cost. *1'0 be. sure there were less
fl ¢ xible design requirements including mass, p ower and lifetime allocations, as well a s
those related toorbital altitude and c.overage, but the most rigidly followed constraint was
that of cost. Conscquently, the science recommendations were used not as the test for the.
appropriateness of the final design, but rather as the sta rting point for arriving at - a
design. We Ic.solved to design thisinstrument gt low-cost” and low-risk, andwith off-the-
shelf components whe rever possible. The purpose of 1. SIRD was to retutn good sci ¢ nee at
low cost; 1101 to nccessarily advance the state of the att of spectrometer desigu.

1.3  Design Requirements

[ the usual processof designing an instrument like 1. S11<1) (pronouncecdl.izard. ‘I’his name
was whimsically p ropos ¢d at an carly design team mecting by one Of our team members who
prefers not t o be identified. The name, however, stuck) g hicrarchy of design requirciments
tesults  from  examining  the pe rformance requirements and then by postulating a
combination of components, subsystems, technologics, c¢te., that w(uld meet those
performance  requirements.  After deteimining how cach of these subsy stem s interrelate,
and what accommodations ne cde d [0 be made to assure compatibility or a "system" design, a
complete  set of design  requircments i S generated. It W as recognized, early 011, that an
imaging spectrometer, covering ¢o nti nuously the broad spectral rang ¢ of 0.3 to 2.4 nmm and
retaining a S/N > 500" over wavelength @ albedo= ().1% could notbe built for the $6 Million
figare that was out target. Further, the required maximum development time of 15 months
from star tup 1 0 delivery to the spacecraft integrator p orecluded any long lead time,  high
risk clements, or the inven tion of new technology,

The 1,S1} <1) team conscquently accepted the  "design-to-cost™ philosophy.  Fach clement of
what was perceived to be th ¢ performance requircments was instcad assumed to be a
performance goal. None was to be held sacrosanct. butcach was cxam ined with re spect t 0O
how time and/or cost savi ng could result from relaxing that sea]. Interaction with members
of the science community specializing in lun a1 spectroscopy  identified  those  arcas  of
spectral coverage most critical toth e mapping of lunar minerals,

It was obvious thatthe long-wavelengthend of the recomnen ded coverage wa s well within
the performance attai nable with  detector technology then in existence. However, the
detector would require cooling to -/0- 130K, It was also appaicnt that optics that operated to
2.4 pmecould bc. cither totally reflective, or if 1e¢fractive built froman exotic material, Either
Case piesent d pro blems that were expensive and time-consuming, and could be difficull to
align. The third challenge was the available mcthod for cooling the detector. A passive
radiator would require an unobstructed field of view of space that was large.r than was



available. from the proposed orbit of 100" km. Also, passive radiator designs in the pasl2
revealed that these devices w e r e difficult to design and build and could represent an
opportunity for cost growth. Mechanical (Stirling cycl ¢) cool c1s casily reachedthe dc.sired
temperatures but presented power and lifetime conce ns, Therm oclee tric coole 1s w e r e
rc liable and cheap but could not reach til e necessary temperature.

While wc. discussed these issues, trading the re lative merits o f cac h, a solution started to
cmerge. | we relaxed the long wavelength cutoff limit to 1.8 pm a number of problems were
climinated. Fi 1st, the optical clements could be transmissive usi ng glass as the re {1 action
medium,  Second, the detector(s) would 110 ( nced to be as cold as they would if a 2.4 pun cutoff
were. required. And third, the cooling (ic.vice couldbethe rmoc lectric which  was  simple,
checap, eliminated 1i fetime conce ns, required  lllodc.rateiy low power, represented no
deve lopment ¢ ffort and bad been frown in space numerous times. Wc aiso decided thata two
am specctt ometer design using  a dichroic be amsplitter would become our baselin e.. This
would allow us to usc. two dectector arrays, onc forthe visible (silicon, Si) and one, for IR
(mercury cadmium telluride, HgCd'Te). By selecting detector designs that had tile. same pixel
pitch for visible anti ]R, w ¢ could ¢li minate any r1esampling requircments. Although some
additional capability inthe1.8102.4pm 1cgion would be requited, it would not be as a
continuous spectrometer anti w ¢ . decided on using spot  radiometers for this coverage. They
will be described subscquently.

Ultimately it was a modification 0of [lilt. performance 1equirements  (wavelength  coverage)

L.

MAIN ELECIRON!CS) L=
-

(o

-

SPECTROMUETE

T

FOUR, CHAMNE
TR RADIOMETER

z+1¢ 9 1l

Figure 1. I.unar Scout In frared Detector (1. SIRD)
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2.0 INSTRUMENT DESCRIPTION
2.1 Deteclors

The LS IRD visible spectrometer detector chosen w a s a Reticon RA128x128 FET switch silicon
photodiode array. This detector has been in production at Reticon for over 10 ycars and
although not the best technology available., provides high reliability at a low cost.

An 128 x 128 array of Silicon photodiodes integ rate the incoming signal. Hach pixel is
connected to one of two Bucket Brigade Devices (11111)s) via aFET switch. A digital shift
register connects each row of pixels 10 [tic. BBDs inturn, the FET switches are close.d and the.
charge generated in the photodiodes loads the BBDs and iS readout. The pixels arc connccted
10 the BBDs in an odd cven

manner (i. e, pixels 1, 3, 5 etc. ac connccted to the odd BBD and pixels 2, 4, 6, ctc. arc
conuccted to the cven BBD).

“1’able 1provides a short list of the visible spec trometer detector parameters. The detector
will operaic at 0°C, a temperatu re casily obtained by a single stage thermoclectric cooler.

‘I'able1l: 1. SIRD Visible Spectrometer Detector Parameters.

l’drmnctcr B - JVd]u c T -
/\ndv Type }_\(ucon ]\_J,_’??L 1_?3_»_ ______ 7 *_ _“ rrrrrr o
Spec lrjlﬁ__“__}}anﬂc 104 pm 10 0.9 ) T)f’ﬁm - |
»{\u ay Size - e B ]% X 1”8 pixels |
Ll’ixcl Pitch o ()() mm x 60 mm ﬁ;_ -
Active ;Arca It 11!_»__1 actor - 70 % e B
D)ml\ Current tat 0o°cCc 180,000 clccll(ms/‘ig/g o o

45% @ () A um

60% @ () 6 pm

i '%S% (@ 0.8 pm

Readout Noise S()() 1ms. (Jg(u;ns o ;

Full Well 4_5 M 1()() -
Llnlcmalmn _ll“glﬂgw_u_:, m- ’ 1()() nﬂcc - - B
| Readout  Rate o o 1(»3 kin\clx/%c( )

M{)pqﬂrgjyng lc_nfnpcralurc o ()" (‘ B o

 Cooler Type \mvlc Slauc - o

T hcnnon lectr l( (‘,()olcxm

The criteria used in the sclection of the de tector material for the IR spectromceter w a s high
temperatuic ope ration, The 1110011 is a hot body and the low orbit altitude made the large
views of cold space nceded for passive radiative coolers difficult to obtai n. Tactical coolers
(mechanical) w e r e decemed to be too unreliable gnd consumed (oo m uch power for
implementation  on  this mission.  This left the rmoclect 1ic coole rs, which can reliably
achicve temperatures o f 220K, as the cool er s avail able for consideration, Givcn the cutoff
wavelength of 1.8 pum, two detector materials W e r e possible candidates for an IR detector
which ope rates a 220 K. These material are uoaercury cadmium  tetlu ride (HgCdTe-1.8 pm




cutoff) orindium gallium arsenide (111/Ga As). We chose mercury cadmium telluride because
it is the. more mature. technology.

Next, weaddressed the multiple.xcr technology. Here we desired demonstrated, off-t he-shelf
technology. The multiplexer needed large capacitance to handle the | ar ge signals the moon
generates, 220 K opceration commensurate with  TEC cooling, and high rcadout speed t o
obtain the required spatial sampling. N 0 off-the-shelf multiplexers were abletomect these.
requirements.  However, Rockwell International has developed an  architecture called
capacitive transimpedance amplifier (CT1A) which could meet the above requirements. This
technology has been demonstrated in multiplexers  with different formats than the one
requircd for LSIRD and is the approach we chose for the multiplexer for the IR detector.

Within cach unit cell (or pixel) of the CTIA multiplexer is a capacitor which integrate.s the
signal gencrated by the HgCdTe photodiode and an amplifier. This allows the HgCdTe diode to
operate near zero bias for lower noisc and a more lincar re sponse. The amplifier gives the
signal cnough gain 10 overcome the noise generated by thercadout process for overall low
noise performance. Hach unit cell is selected for readout by two digital shift registers (i. e.,
onc shift register selects r ow position and the other selects column posit ion, which
uniqucly cic.fines each pixel site).

“1’able ? provides ashort list of paramcters for the IR spectrometer detector.

Table ?: 1, SIRD Infrared Spectrometer Detector Parame ters

Paramcter

et Va lue e
Dctector  Material Mecrcury  Cadmium
1 Teluride (H1pCdTe)
e 09 g 0.8 an
128 x 1128 pixels

Spectral Range
Arrav__Size

Pixel Pitch 60 nun X 60 mm ]
Dark Current a1 220 K & x 100 c¢lections/sce
Quantum E fficiency S0% @ 0.9 nm

_ 0% @18ym
Multi plexer Type Capacitive  Transimpedance

Amplifier (CTIA)
500 rns electrons

Readout Noise

Full Well 2 x 100 clectrons _ _ ,
Intceration  Time 100 wmsee -
Readout  Rate 165 kpixels/see

Operating  Temperature 220K

Cooler Type 3-Stage

Thermoclectric_Cooler

Each detector was to be mounted in an identical vacuum housing with aTEC. The Visible
detector requires only a single Stage TEC, for stabilization, while thelR detector
temperature  necessitates  three  stages. By careful baffling, the 1R dctector can be kept at

220K withonly 6 Watts input power to the TEC.  These THC's have been flown previously3 and
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h a v e demonstraied reliability, while remaining an "off the shelf” item.  The ability to attain
acceptable performance in an IR spectrometer, using S 0 simple a cooling concept, 1S one Of
the. key design feature.s of this instrument.

2.2 optics

The 1.SIRD o ptical system is an on-axis slit spectrometer (Figu 1e 2) whose spectral
dispersion is accomplished by a transmission diffraction grating.  Both the first and sccond
order beams from the grating arc image.d onto the detector arraysafter scparation by a
dichroic filter/beam  splitter.

Figure ?: 1. SIRD Optical Arrangement

Four identical optics atc Used: onc as anobjective (fore.-o]llics), onc as a colli mator, and the
remaining two as Spectrom crer cameras. This arrangement provides unity maguification
and tends to prevent any abcrations inherent in the lens design from summing in an
adverse  manner.

Each lens is a six-cl ement apochromat of theZenoplan form fabricated by the Schneider
Corporation.  This lens type was sclected for its supetior color conicction extendi ng  well
into the in frared, and the prior spa ce flight experience 0f  this supplicr with this design.

The lenses ar ¢ re-mounted in fiXCd aperturcand  focus configuration, The nece ssary
mounting hardware is available from Schneider, having been developed for previous space
b orne applications. (Vela Uniform and Spacclab  Solid Surface Combustion Experiment), and
gualified for both launch and on-orbitenvironments.

The objective lens images a cross-track strip 0f the lunar surface onto a slit having the
sam ¢ dimensions as onc row of detector elements.  The slit image is collimated by a sccond
lens, reversed to the. objective.  The colli mated beam is dispersed inthe slit height direction
by the transmission diffraction grating, then intercepted by a dichroic bea m splitter.  The




first order beam is reflccted into a third lens for re-imaging onto the IR detector array. The
sccond orde r light is transmitted and rc.-imagcd by a fourth lens onto the VNIR detector. A
picture swath is built up as platform motion procceds .

The ¢ ffective focal lengths of the opti cs were sclected to provide as close a match as possible
between the mission (orbital) paramecter sct and  “off-lhc.-shelf” lens designs a vailable,.  The
lenses are achromatized from O4dpmto 1.1 pm. Thefirst order (0.9 tol.8ym)image focus
will beaccommodated by the position of the IR detector.  l.ens data is listed on Table 3.

The diffraction grating (sce g’able 4) will provide dispersion of the 7.68 x 0.06 mm dlit
iimage.  The first and sccond orders o f  the diffrac ted tmage Will be separated by 90° using a
dichroic beamsplitter with a wavelength cut at 0.90 pm having a 10%to 90% width of 2 nm.

To obtain radiometric data at specific wavelengths of interest outside the range of coverage
of the spectrometer, four spot radio meters were added to the instrument.  These comprise
single InGaAs o r InAs photovoltaic diode.s with narrow band spectral fillers and singlet
silicon lenscs bore-sighled with the instrument objective. The wavelengths sclected (1 .80,
1.85,2.15 and 2.40 um) provide a linkto the spectromneter band edge at 1.80 pmand radiance
data at wavelengths  associated with  expected mineral  species. Ratios of radiance
measurements Will be used to estimate relative abundances, as well as to  establish
equivalent black -body temperatures.

Table 3. l.ens Data

[ Parameter o valuge—
lLens “Type. (AL Schneider 1.4/17 L
LEffcctive Focal 1 ength - L7564y
Focal Ratio (Fixed) . ... 11/5.5 —
Ficld-of-View B 24.6° x .195° R
Table 4. Diffraction Grating Data
arameter - ,A,,,,I,,\”‘?'“"UC N o e
Ruling 374 grooves/mm - L
Incidence  Angle Normal ]
 Blaze  Angle 25.88° - S o
Diffraction Angle - 0.9 um 1 19.67° e
Diffraction Angle - 1.4 péh um 31.57° - .
| Diffraction Angle - 1.6 yum % *.” 1781"”_7 __ﬁ_ o

The final optical design allowed the design of a spectrometer housing that was surprisingly
small. Infact it measures Only 23 x 1? x 9 cm. The cutire instrument, including
spectrometer, both clectronic modules, and t h e spot radiometer measures 30 x 27 x 30 cm and
weighs just 11 kg. It rejects its waste heal to its mounting surface which needs to be at
about 2“ /°C, normal for spacccraft structures.

The spectrometer itself i s designedtobe casily aligned by mcans Of sliding plates on which
the slit and beamsplitter arc mounted. The lenses canbe focused by rotating them in their



screw mounts before securing them. 1.SIRD is designed so that the spectiometer i s
insensitive to alignment degradation duc to thermal expans ion.

23 Electronics

LEach detector array requires unique and specific drive clectronics. in keeping with the
low-cost spirit of this design WcC. decided 10 procure the drive elect ronic s from (be. focal -
planc manufacturers. in the. case of Reticon there was workin progress to make a set of
drive clectronics that were flyable. Yor the Rockwell CT1 A wc  decided to use a sct of
demonstration board electronics and upgrade them to make them acceptable for space
flight. These two boards and associated signal preamplifiers woul d be mounted in a dedicated
package, close tothe two detector housings and interconnected by removable cables and
plugs.

Each speetr al region has its own A/D converter. There arc. three; onc for visible, one for IR
and onc for the spot radiometers. In this way timing is simplec and analog multiplexing is
avoided. A low-power charge injection A/D converter w a s the choice for cach. The A/D
converters, array  synchronization, and overall instroment timing and control was all
designed from existing CMOS  technology. N o0 m icroprocessor, so ftware, memory loads,
alterable, modes, variable scquences andthe like could rcasonably be incorporate.(i into an
instrument of low-cost. low-risk design. It was further decided to procure the power supply
from onc of scveral vendors currently building such s p a ¢ e quality devices. Although it
would notbe as pcrfeet a maeil as a custom designed power sup ply, the time and cost
savings r1calized were. an advantagcous trade.

All of the cleectronics, except for the previously described focal planc clectronics, would be
contained ina single package.. The clectronics block diagram car v be scerin Fig vre 3.

24 Risk Management

M ost clements of this design are comprised of either “off-tlic.-shclf” o r mature technology
items. For instance., no risk was assigned to cither the electronic componentsor the
procurement o f  the grating. The electronic components are all cxisting parts and the
grating, while custom made, IS rcadily ordered from anumber of so urces.

The greatest perceived risk in the de velo p nerit of this  instrument was tile. IR detector
array. Even though cach clement o f the array had been  fabricated before, and we had
cvery reason to be lic ve this new combination of elements would yield a successful detector
artay at first fabrication, wc felt compelled to develop a strategy to recoup lost time should
the detector design  require  refinement. We  cstablished  milestones  and  determined  that
should they not bc met alternative strategics would be brought into play immediatcly.  Also,
multiple cxamples 0of the arrays would be procuredin various states of completion,
maxiniizing the probability of winding up with a working dc.vice al the ship date..



SPOT RADIOME TEfR
| ———

- SPATIAL =

[ | =
vis
e SIGNAL CHAIN}-
- & ADG
3l T TwsTT
E{O CLOCK
S ORIVERS
a6 T
<] O . .
31° VIS
R R TIMING GEN
TEC i K
CONTROL D%‘,?SRS ) I L[
TR N - N [ Y
. 1A . MASTER
SIGNAL CHAIN TIMING GEN 0sC - DIGITAL CONTHOL N DATA
4 ADC |
. _L o T ELEC | RONICS X9 -
oY
. -G . NG oo &ai
NGIN 1N ATA
- R : =l MANAGEMENT. DATA & | COMMANDS
e o . GOMPAE SSION) *
INSDRUMENT POWER SUPPLY POWER
(FPA3, TEC's. ELEGTAONICS)

Figure 3: 1 .SIRD lilectronics Block Diagram

It was also decided to build this instrument by a cohesive, Co-located tcam Which was
composed o f individuals dedicated to this task. It has been shown that this co-location can
dramatically improve information cxchange.

Scheduling needs to be adheredto ruthlessly andany slips require immediate replanning,
with no “wal and scc” periods allowed. ‘1'here needs tobe in place mechanisms for
anticipating dclays. The se include phased deliveries, building of subassembly spares, and
buying rather than building componentsand assemblies, whe rever possible.  Also crucial
to this type of instrument development iS the. acceptance of some greater risks than would
be tolerable in a long-term decep sSpace mission. This implics ac ceptance testing the
completed instrument rather than componentlevel testing of each part, restricting
temperature and vibration levels used in testing, and utilizing comm crcial parts, Here it is
nccessary to rely on screcning, rather thanpedigice t 0 gain so me mcasure of confidence
in the parts ability to performn its roic in the completed instrument.

The basic science requirements f 0 r the L. SIRD spectiometers are shown in table 5.




-I'ables: 1. SIRD Expcriment parameters

Spectral _Range 0.4 mm o0 1.8 mm ]
| Spectral  Sampling 110 nm

r_Spatial Field-of-View 35 km i

| Spatial Sampling S00 m Max.

Signal-to-Noise Ratio >500 @ 0.1 albedo

3.0 INSTRUMENT PERFOR MANCE
‘1I'able 6 presents the system performance parameters for the 1. SIRD spectrometers.

I"lease remember that the lenses used 1 .SIRD are f/? but will be stopped down to any other f-
ratios as require.d.

‘I'able 6:  LSIRD Spectiometer Performance Parameters

Paramcter Visible Infrarcd

N Speclrometer _ISpectrometer

Foratio flaQp [1/5.5

Etendue AT xx100° Ocenn s 935 x 107 cm? sr

Spectial  Range 045 im0 0.92 um [ 0.88 jun to 1.8 um

Spectral _ Sampling ~f ~uan ]

Spatial Sampling __ __ [341 m x 3410 ) 341w x 341m ]

Integr ation Time 100 msec opmmsec
s0% @ 0.45 pm 50% @ 0.90 jun

Quantum Efficiency 60% @ 0.60 um 70% @ 1.75 um

2506 @ 090y, [35% @.1.80 um . .

Johnson Noise

Readout Noise. 2$500% gstelectrons FOO0™ 1ms clectrons

Dark  Current 8 X 109 clecttrons/scc 8 xx1 100 clectrons/sec

- @K @220K . __

[ Thermal  Backeround | --- - 974 clectroons
Signal o (0.7 p pill 10opml8 pm)
Encoding - 1? bits 12 tbits

Figure 4 presents a graph of themodeled 1. SIRD performance at three albedos. The 2
channels of spectral overlap are shown. The performance inthe visible is generally
greater  than 500" signal-lo-noise ratio, and the IR sp cctrom clerachicves a performance
gene rally greater than 400 sigl]al-lo-noise ratio.
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Figure 4: 1. S11<1) Spectrometer  Performance--1lumination  Angle: 45°

1l addition 10 the spectrometers, 1.SIRD includes a set of spot radio meters which measure the
radiance at  four wavclengths outside those Covered by the spectrometers.  These
wavcelengths are critical (o theidentification of some of the major minerals present on the
Lunar surface. The spot radiometers consist of a single f/? lens,a filter, aud a single
photodiode. Table 7 presents the system parameters of the spot radiometers and Table 8 gives
the spot radiometer performance.




~’able. 7: SpotRadiomecter System Parameters

Parameter - — I‘TVE( '
F-ratio 7 ] :, f/2 ' .
Diode Type , InGaAs

Diode Size 100 mm x 100 mm
Quantum FEfficiency 50%

__[_’Llcnduc - 1.6 x 10°5 cn? sr
Transmission - los

(including filten)

Filter Bandwidth 194

Sampling Time i. 200 mscc

Table 8: Spot Radiometer Pe rformance

300 K

Radiance Dark Signal- Signal- Signal-
Wavelength ( photons/ Current to-Noise |[lo-Noise |to-Noise
(m) cm&r s mm (clectrons/ Ratio Ratio Ratio
- - | Se® | 03) || & & _ -[{=_0.05)
180~ _ [495x 1016 _ [25x1010  ]3007 1016 510 — T
1.95  ~ 4.03 x 1016 2.5 x 1011 855 285 143
2.15 2.86 x 1016 2.5 x 1011 669 223 12
2.40 219 x 1016 75 x ].()17 181 60 30

4.0 CONCLUSIONS

By relaxing certaindesign requirements an instrument w a s de signed that could return - a
great deal of scientific information at a low cost. By using carcfully chose n of f-the-shelf
Components the probability is high of delivering the instrument on time and within
budget. The lesson for low-cost instruments ne eds to be "what can wedo with what wec
have," rather than “what do wec need to getwhat we want.”
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